The use of nanoparticle (NP) technologies for biomedical purposes such as imaging or drug delivery is an area of major interest. In the field of imaging, NPs offer several properties that make them particularly attractive.^[@ref1]−[@ref3]^ For example, NPs can be designed to contain multiple copies of functional groups such as chelators and targeting ligands and hence provide high imaging signal strength and target avidity. In addition their surfaces can be exploited to control their colloidal properties. However, the use of NPs for *in vivo* imaging has some drawbacks. For example, unlike small molecules and peptides, the size of most NPs prevents passive diffusion through normal endothelium. Perhaps the major disadvantage is that most NPs are quickly recognized and sequestered by circulating macrophages and Kupffer cells of the reticuloendothelial system (RES) present in the liver and spleen. In addition, NPs are prone to the formation of aggregates with large diameters (several micrometers) that can be irreversibly trapped in the capillaries of the lungs. These two effects not only represent a potential toxicity threat for the subject but also result in short circulation times and failure to reach the intended target. Thus, in order to develop effective NPs for *in vivo* imaging of molecular targets, there is a need to minimize RES uptake, avoid *in vivo* aggregation and prolong circulation times. Furthermore, NPs need to be nontoxic, or to be excreted as fast as possible after the procedure.

The most successful nanoparticle platform for *in vivo* imaging to date has been based on iron oxide materials, and in particular superparamagnetic iron oxide NPs (SPIOs).^[@ref4]−[@ref9]^ This success is not only due to their properties as magnetic resonance imaging (MRI) contrast agents but also due to their low toxicity as proven by more than 20 years of clinical use. Most iron oxide nanomaterials are quickly recognized by the macrophages of the RES, making them useful as contrast agents for tissues of the liver and spleen, or by macrophages present in inflamed tissues. The SPIOs are decomposed inside these cells and the iron is assimilated by the body for the synthesis of essential metalloproteins such as hemoglobin.^[@ref10]^ For many targeted imaging applications, as discussed above, it is desirable to extend their circulation time, avoid aggregation, and minimize RES uptake. A well-established strategy to extend the circulation times of these particles is to use ultrasmall SPIOs (USPIOs). These smaller NPs (\<50 nm diameter) have shown longer blood half-lives compared to their bigger counterparts, making them useful for angiographic imaging using T1-weighted MR imaging. Nevertheless they still show high levels of RES uptake.^[@ref8]^ Two main factors control the RES uptake of NPs: opsonization and aggregation/size. Opsonization is a process by which xenobiotic materials are tagged with opsonin proteins to initiate association with circulating/stationary macrophages. Aggregation is a problem because RES uptake increases with NP size, regardless of the surface properties. To control both of these processes, the properties of the NP surface are critical.^[@ref11],[@ref12]^

The most successful strategy to minimize opsonization and aggregation, and hence RES uptake, is to coat the NP surface with hydrophilic polymers such as polyethylene glycol (PEG).^[@ref11]^ This biocompatible polymer works by providing (1) a hydrophilic layer that makes the NPs dispersible in water, and (2) inter-NP steric repulsion to prevent aggregation. Here, we present a simple method of surface PEGylation for USPIOs that relies on the high affinity of 1,1-bisphosphonates (BPs) toward metal oxide materials. Recently, using radiolabeled BPs, we were able to measure that BPs bind very strongly to several metal oxides, including clinically approved SPIOs that get taken by the RES, providing a useful method to radiolabel these materials.^[@ref13],[@ref14]^ In this work, we aimed at fully exploiting BP anchors to synthesize a long-circulating USPIO for MR angiography. To this end, we synthesized a PEG-BP conjugate and evaluated its use to coat USPIOs and produce hydrophilic NPs with high stability *in vivo* and optimal properties as a T1 MRI contrast agent. In addition, we aimed to use radiolabeled BP conjugates for use with nuclear imaging techniques such as single photon emission computed tomography (SPECT) and positron emission tomography (PET) and thus affording dual-modality contrast.

![(A) Synthesis of PEG(5)-BP. Reaction conditions: (i) 29 h at 150--160 °C under N~2~; (ii) 48 h, H~2~, 10% Pd/C, EtOH, RT; (iii) MeO-PEG(5)-COOH (1 equiv), DCC, CH~2~Cl~2~, 20 °C; (iv) 48 h, TMBS (15 equiv), CH~2~Cl~2,~, RT then 1.5 h in MeOH. (B) Synthesis of PEG(5)-BP-USPIO.](nn-2012-046055_0009){#sch1}

Results and Discussion {#sec2}
======================

Synthesis of PEG(5)-BP {#sec2.1}
----------------------

The reaction scheme for the synthesis of PEG(5)-BP is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A. Tetraethyl aminomethyl-bisphosphonate (**1**), was synthesized following published methods.^[@ref15],[@ref16]^ Briefly, a mixture of diethyl phosphite, triethylorthoformate and dibenzylamine were reacted for 29 h at 150--160 °C to give the benzylated bisphosphonate, followed by debenzylation with H~2~ and 10% Pd/C catalyst. After removal of the catalyst, **1** was reacted for 16 h with MeO-PEG-COOH (5 kDa) using dicyclohexylcarbodiimide (DCC) activation. The formation of a substantial amount of insoluble white needles that we believe to be dicyclohexylurea suggested the progress of the reaction. This precipitate was removed by three cycles of filtration--concentration of the reaction solution. Once all the precipitate had been removed, the product was dried, dissolved in anhydrous dichloromethane, and reacted with 15 equiv of trimethylsilyl bromide (TMBS) for two days at room temperature (RT) to deprotect the phosphonate groups. The volatile products were then removed and the residue was stirred in HPLC-grade methanol for 1.5 h, dried, dissolved in water, and dialyzed overnight using a dialysis membrane with a molecular weight cutoff of 3500 Da to remove any small molecules present. The product, PEG(5)-BP, was obtained as a white powder and characterized using ^31^P NMR and infrared (IR) spectroscopy. The IR spectrum shows no clear differences between PEG(5)-COOH and PEG(5)-BP, due to the small changes and substantial overlap of the −CH~2~-- and −PO~3~ vibrations. There are two changes in the spectrum that confirm almost quantitative BP conjugation ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2). First, the carboxylic acid C=O stretching band at 1731 cm^--1^ disappears almost completely after BP conjugation with a seemingly proportional increase of the C=O amide band at 1653 cm^--1^. And second, subtracting the spectrum of MeO-PEG(5)-COOH (PEG(5)-COOH) reveals peaks at 1093 cm^--1^ and 962 cm^--1^, characteristic of P=O and P--O bond stretching, respectively. In addition, ^31^P NMR shows a single peak at 13.45 ppm, characteristic of bisphosphonates and unequivocally confirming the success of the conjugation reaction. Furthermore, the presence of phosphorus in PEG(5)-BP, and not in PEG(5)-COOH, was confirmed using Dittmer--Lester stain studies.

Synthesis of PEG(5)-BP-USPIO {#sec2.2}
----------------------------

The PEGylation reaction is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}B. First, oleylamine-coated USPIOs (5.5 ± 0.6 nm diameter by transmission electron microscopy (TEM)) were synthesized following a published method.^[@ref17]^ The process of functionalization with PEG-BPs from oleylamine-USPIOs can be performed in high yields in 1 h at RT. This is in contrast to other published methods for PEG functionalization in which heating and/or long reaction times were used.^[@ref18]−[@ref21]^ First, the nanoparticles were dispersed in dichloromethane and mixed with an excess of PEG(5)-BP. A high PEG(5)-BP/USPIO ratio (10 mg of PEG(5)-BP/mg USPIO) was used in order to maximize the packing density of PEG molecules on the surface of the NPs, as it has been shown that high PEG packing density results in particles with higher colloidal stability.^[@ref18]^ The mixture was then sonicated in an open vial using a standard laboratory sonic bath until most of the dichloromethane had evaporated and only a gummy brown residue was left. This residue could then be fully dispersed in water, suggesting the ligand exchange had occurred. To remove oleylamine, the aqueous mixture was washed with hexane several times followed by evaporation of the volatiles using a stream of nitrogen and a rotary evaporator. No USPIOs were detected in the organic washings. The mixture was then filtered using a 220 nm filter to remove any potential aggregates. Visual inspection of the membrane after filtration showed no signs of colored material, suggesting that no aggregates with diameters greater than 220 nm had formed. To remove the nonbound PEG(5)-BP, the mixture was transferred to a centrifugal concentrator with a molecular weight cutoff (MWCO) of 30 kDa, and washed several times with water. This step was used to obtain the pure PEG(5)-BP-USPIOs, but also to concentrate them and to calculate the amount of PEG(5)-BP that had not bound to the surface of the nanoparticles and hence provide us with an indirect estimation of the number of PEG molecules per iron oxide nanoparticle (*vide infra*). The purified PEG(5)-BP-USPIOs in water were transferred and stored in a glass vial.

We should note that PEG(5)-BP is also very effective for coating and stabilizing iron oxide nanomaterials synthesized using standard coprecipitation methods ([Supporting Information](#notes-1){ref-type="notes"}). The addition of PEG(5)-BP to a dispersion in water of iron oxide nanoparticles, prepared following a well established coprecipitation method,^[@ref22]^ resulted in efficient PEGylation after several size-exclusion filtrations to remove unbound polymer. On the other hand, using the same amounts and method, PEG(5)-COOH did not yield stable dispersions. Dynamic light scattering (DLS) studies over 7 days confirmed full stability in saline compared to non-PEGylated ferrofluids. In our hands, however, the oleylamine method of Xu *et al*.^[@ref17]^ yielded, smaller and more monodispersed USPIOs better suited for our purposes.

Characterization of PEG(5)-BP-USPIO {#sec2.3}
-----------------------------------

The particles were characterized by TEM, DLS, thermogravimetric analysis (TGA), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), and IR spectroscopy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In addition, their magnetic properties were investigated using a superconducting quantum interference device--vibrating sample magnetometer (SQUID--VSM) ([Supporting Information](#notes-1){ref-type="notes"}). TEM provides information about the size of the inorganic core before and after PEGylation. Thus, oleylamine-coated USPIOs had a metallic core with a diameter (*D*~TEM~) of 5.5 ± 0.6 nm, based on statistical analysis of 200 particles. After PEGylation, the iron oxide core of PEG(5)-BP-USPIOs remained unchanged with a measured *D*~TEM~ of 5.5 ± 0.7 nm. The observation that the diameter of the USPIOs does not change after PEGylation demonstrates that BPs do not etch the surface of the iron oxide NPs. This contrasts with the use of other anchor groups such as catechols where etching of the surface of iron oxide nanoparticles has been shown.^[@ref23],[@ref24]^ This is most probably due to the high affinity of some catechols toward Fe^3+^ ions and the remarkably high stability of the complexes formed. In addition, formation of toxic semiquinone radical species has been observed at catechol-iron oxide surfaces.^[@ref25]^ In two recent reports, however, Amstad *et al*., have shown that these adverse effects can be overcome by fine-tuning the electronic properties of these anchors by introduction of a strong electron-withdrawing nitro group to the aromatic ring.^[@ref18],[@ref23]^

![Characterization of PEG(5)-BP-USPIO: (A) TEM micrograph of a dispersion in water. Scale bar is 20 nm wide. Inset is a histogram of the diameter of 200 particles (*D*~TEM~ = 5.5 ± 0.7 nm); (B) EDX spectrum showing the presence of iron and phosphorus in the sample; (C) DLS showing a hydrodynamic diameter of 24 ± 3 nm; (D) IR spectra of (a) oleylamine-USPIOs, (b) PEG(5)-BP, (c) PEG(5)-BP-USPIO. Drop lines indicate the vibrations associated with PEG mentioned in the text.](nn-2012-046055_0001){#fig1}

The hydrodynamic diameter (*D*~H,~[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) was measured using DLS in water and saline. In both cases, PEG(5)-BP-USPIO shows a *D*~H~ of 24 ± 3 nm, and this value remained unchanged for at least 7 months ([Supporting Information](#notes-1){ref-type="notes"}). An extended 5 kDa PEG polymer chain should have a length of approximately 38 nm. As a consequence, if PEG(5)-BP was fully extended on the surface of the USPIOs, they should have a minimum mean *D*~H~ of around 80 nm. Thus, given the smaller size found, the PEG polymers must be in an expanded coil conformation in which the polymers have folded to ^1^/~4~ of their extended length.^[@ref26]^ The density of PEG(5)-BP on the surface of the USPIOs can be estimated using the amount of nonbound PEG(5)-BP recovered after the synthesis of PEG(5)-BP-USPIO ([Supporting Information](#notes-1){ref-type="notes"}). Thus, our estimations result in density values that range from 76 to 198 PEGs/USPIO. However, given that our calculations of the theoretical maximum number of BP groups that each 5.5 nm USPIO can accommodate is 112 ([Supporting Information](#notes-1){ref-type="notes"}), the true density is likely to be a value in the range between 76 and 112 PEGs/USPIO, which corresponds to a surface density of 68% to 100%, or 0.80--1.18 PEGs/nm^2^. TGA measurements were carried out to validate these estimations. The results confirm that 67% of the weight of PEG(5)-BP-USPIO is due to PEG(5)-BP, which corresponds to a surface density of 0.9 PEGs/nm^2^ (76%) or 86 PEGs/USPIO ([Supporting Information](#notes-1){ref-type="notes"}). We note that the high density value found is counterintuitive, particularly when the DLS results suggest the PEG chains are likely to be present as folded extended coils that will impact negatively in the density. However, these calculations assume a flat surface area and recent studies have demonstrated that the curvature of USPIOs and other nanomaterials allows significant higher densities.^[@ref18]^ In addition, sources of error such as the assumption that the particles are homogeneous spheres of 5.5 nm diameter and not taking into account the small variations in diameter/surface areas may also influence our calculations.

![Characterization of PEG(5)-BP-USPIOs. (A) XRD patterns of oleylamine-USPIOs (bottom, black) and PEG(5)-BP-USPIOs (top, red). Peaks corresponding to iron oxide were labeled with their corresponding planes. The inset shows the peak corresponding to the (311) plane and its mean size (τ~(311)~) calculated using the Scherer equation. The peaks corresponding to PEG(5)-BP (2θ = 19.2° and 23.3°) have been labeled with an asterisk. (B) XPS spectrum of PEG(5)-BP-USPIOs. The full spectrum shows dominant C1s and O1s signals from the PEG chains on the surface (for a detailed spectrum see [Supporting Information](#notes-1){ref-type="notes"}). Inset shows the weak but detectable P2p~3/2~ signal arising from the BP group.](nn-2012-046055_0002){#fig2}

IR, EDX, XRD, and XPS spectroscopies were used to identify the presence on PEG(5)-BP after purification and to confirm oleylamine removal. XRD studies ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) show the characteristic peaks due to iron oxide as well as PEG (19.2° and 23.3°),^[@ref27],[@ref28]^ which is probably the result of its high density and ordered structure near the surface of the SPIOs. The IR spectra of oleylamine-USPIOs, PEG(5)-BP, and PEG(5)-BP-USPIO are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D. The presence of characteristic PEG vibrations (ν(C--O) + ρ(−CH~2~−) = 1096 cm^--1^; ρ(−CH~2~−) + τ(−CH~2~−) = 946 cm^--1^; τ(−CH~2~−) + ν(C--O) = 841 cm^--1^)^[@ref29]^ in the spectrum of PEG(5)-BP-USPIO ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D-c) confirms the success of the PEGylation. This result, however, does not confirm complete oleylamine removal, despite that the high PEG densities achieved (76%, *vide supra*) strongly suggest that at least most has been displaced. The expected shift of −PO~3~ vibrations upon metal binding was not observed due to the above-mentioned overlap with the more intense signals from the PEG methylene groups. EDX studies show the presence of phosphorus in the TEM of PEG(5)-BP-USPIO indicating the presence of the BP group ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). This is also supported by XPS, where a signal at a binding energy of 129.7 eV, corresponding to P(2p~3/2~) was observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Similar signals have been observed with other metallic surface-bound bis- and monophosphonates.^[@ref30],[@ref31]^ The XPS spectrum also shows characteristic C(1s) PEG peaks at 282--286 eV, further confirming its presence.

PEG coatings are known to give rise to nanoparticles with a neutral surface charge. This is an important factor as it is well established that highly negative NP surfaces favor uptake by RES macrophages while positive surfaces result in plasma protein binding, aggregation, and uptake in lungs and liver.^[@ref32],[@ref33]^ ζ-Potential measurements in phosphate buffered saline (PBS) confirmed a near-zero potential of −1.24 mV, and hence neutral surface charge at physiological pH. The neutral surface of PEG(5)-BP-USPIO as well as the high PEG density found are expected to minimize opsonization and RES uptake and prolong blood half-life. The magnetic properties of PEG(5)-BP-USPIOs were investigated using a SQUID-VSM instrument at 300 K (Figure S6, [Supporting Information](#notes-1){ref-type="notes"}). The profile demonstrates superparamagnetic behavior and allows us to calculate a mass magnetization at saturation (*M*~s~) of 51 emu/g iron oxide. This value is relatively low compared to that of bulk iron oxide (maghemite (γ-Fe~2~O~3~, bulk *M*~s~ = 74 emu/g) and magnetite (Fe~3~O~4~, bulk *M*~s~ = 98)), and is consistent with that found with other USPIOs of similar size and *in vivo* magnetic properties.^[@ref19]^

Radiolabeling of PEG(5)-BP-USPIOs {#sec2.4}
---------------------------------

The labeling of PEG(5)-BP-USPIO with a gamma-emitting isotope (^99m^Tc) was used to study its biodistribution *in vivo* using SPECT imaging. We have recently shown that BPs can be used to radiolabel the metal ions on the surface of iron oxide nanoparticles with PET and SPECT isotopes without affecting their coatings or surface properties.^[@ref13],[@ref14]^ This is due to the remarkably low quantities in which BPs can be radiolabeled (micrograms), while still providing a strong signal from the high energy photons they emit.^[@ref34]^ As a consequence, the radiolabeled BPs are present in a much lower quantity than the NPs and coating molecules. Hence, even in the event that the radiolabeled BP displaces molecules of the coating or binds to gaps on the inorganic core, the changes would be so small (quantitatively and qualitatively) that their colloidal or magnetic properties would not be affected. Here, we used ^99m^Tc-DPA-ale, a bifunctional BP that we have recently shown can be used to radiolabel iron oxide materials with high *in vitro/vivo* stability.^[@ref34]^ Thus, by simply adding a solution of ^99m^Tc-DPA-ale to a dispersion of PEG(5)-BP-USPIO in saline, radiolabeling yields (RLY) of up to 47% can be obtained after a short reaction time of 10 min. Temperature has a large effect in the RLY obtained, and varies from 2% at 20 °C to 25% at 37 °C and 47% using a temperature gradient (25--90 °C over 10 min). Reaction pH (6--9) did not affect RLY. In a previous report, we have shown that ^99m^Tc-DPA-ale binds rapidly and almost quantitatively to noncoated iron oxide materials at room temperature.^[@ref13]^ However, in PEG(5)-BP-USPIO, our calculations estimate that approximately 24% of the metallic surface is available for binding (*vide supra*). In addition, it is expected that the PEG layer will limit the accessibility of molecules to the USPIOs. The increased RLY at increasing temperatures is therefore presumed to be an effect of an increased exposure of the less-accessible metallic surface. This can be the consequence of two mechanisms: (1) ligand exchange on the surface or (2) diffusion of ^99m^Tc-DPA-ale through the PEG layer to reach exposed gaps of the metallic core ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Given the results from the PEG surface density calculations and the high stability of the BP-iron oxide bond,^[@ref13],[@ref14],[@ref35]−[@ref42]^ we believe that the latter mechanism is the most probable, although the former cannot be ruled out.

Purification was achieved using size exclusion chromatography with disposable columns containing Sephadex G-25 medium and size exclusion filters with a 10 kDa MWCO using saline as eluent. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B shows a typical elution chromatogram from a size exclusion column after radiolabeling PEG(5)-BP-USPIOs at 37 °C. As expected from their large size, radiolabeled PEG(5)-BP-USPIOs elute as a sharp peak at 1.5 mL, whereas ^99m^Tc-DPA-ale elutes as a broader peak at 4 mL. The entire radioactivity was recovered from the column after using 12 mL of eluent, proving the absence of nonspecific binding to the column matrix. The coelution of the first radioactive peak with PEG(5)-BP-USPIOs, clearly identified visually, demonstrates the association between particles and radioactivity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). A centrifugal concentrator was then used to concentrate the sample to the desired volume and to separate the small portion of free ^99m^Tc-DPA-ale that coeluted with the radiolabeled PEG(5)-BP-USPIOs in the size-exclusion separation. The particles can also be purified with this device without the use of size exclusion chromatography. It was found, however, that 9% of the radioactivity remained nonspecifically bound to the filters. The cause of this nonspecific binding to the filter remains unknown. DLS studies of radiolabeled PEG(5)-BP-USPIOs after purification and radioactivity decay show no changes in the hydrodynamic size. In addition, ^1^H NMR of the residue after evaporation of the size exclusion and filtration fractions/filtrates did not show any detectable PEG peaks. These two results demonstrate that the radiolabeling step does not affect the coating and confirms the low, if any, PEG displacement after radiolabeling.

![Radiolabeling of PEG(5)-BP-USPIOs with ^99m^Tc-DPA-ale: (A) radiolabeling scheme (B) size exclusion (PD10) chromatogram of the reaction (please note that 0.5 mL fractions were collected from 0 to 3 mL elution volume, and 1 mL fractions were collected from 3 to 11 mL elution volume). Radiolabeled PEG(5)-BP-USPIOs elute at a peak at 1.5 mL, whereas free ^99m^Tc-DPA-ale elutes at a broad peak at 4 mL. (The inset is a picture of the first 4 fractions showing the presence of the USPIOs). Fractions containing radiolabeled PEG(5)-BP-USPIOs (0.5--2 mL) were further purified and concentrated using size-exclusion filtration.](nn-2012-046055_0003){#fig3}

*In Vitro* Stability Studies {#sec2.5}
----------------------------

Several observations confirm the high colloidal stability of the BP-coated USPIOs. First, DLS studies demonstrate that the *D*~H~ of PEG(5)-BP-USPIO stored in water or saline for 7 months remains unchanged, with no aggregates forming during this time. In addition, heating dispersions of PEG(5)-BP-USPIOs in saline to 90 °C for 10 min and at 50 °C for 4 h results in no change in *D*~H~ or aggregation. Another indication of their stability is given by the number of times PEG(5)-BP-USPIOs can be washed with large volumes of saline and water using 30 kDa molecular weight cutoff filters without changes in *D*~H~ (\>8 times). This is in contrast to PEG(5)-COOH-USPIOs, synthesized using the same method as PEG(5)-BP-USPIOs, where complete aggregation occurred after the fourth washing ([Supporting Information](#notes-1){ref-type="notes"}). Thus, when desorption occurs, PEG molecules (5 kDa) will be removed from the retentate containing the dispersion into the filtrate, eventually inducing the aggregation of the SPIOs. Amstad *et al*. have previously used this method to evaluate the binding reversibility of several PEG coatings on SPIOs, showing that with PEG-COOH and weakly bound PEG-catechols, aggregation occurred between the first and fourth filtration.^[@ref18]^ Irreversible binding, however, was indicated by no changes in *D*~H~ after four filtrations with strongly bound catechol--PEG conjugates. Furthermore, the *D*~H~ of PEG(5)-BP-USPIOs remained constant after repeating the process at several time points during several months. The lack of binding and stabilization properties of PEG-COOH to oleylamine USPIOs also represents convincing data to rule out the possibility that the PEG polymer may be binding nonspecifically to the alkyl chains, a method that has been successfully used with other systems.^[@ref43]^ Stability studies were also carried out with radiolabeled PEG(5)-BP-USPIOs allowing us to measure the stability of the BP-iron oxide bond in human serum. Thus, incubation at 37 °C in human serum shows that after 48 h at physiological temperature and protein and salt concentrations, 94% of the radioactivity remains bound to the USPIOs. This result is consistent with our previous report using dextran-coated SPIOs and other reports that have shown the high stability of the BP-iron oxide bond (more than 4 weeks at pH 7) compared to other anchors such as carboxylates.^[@ref13],[@ref40]^ In addition, PEG(5)-BP-USPIOs were incubated at the same temperature in 10% human serum and DLS measurements at 0, 1, 24, and 48 h were performed, showing no change in *D*~H~. This result not only supports their stability but also indicates that blood serum proteins do not bind to the nanoparticles. We believe this is a consequence of a compact and stable PEG coating and the neutral ζ-potential achieved. Overall, these results show that both BPs, PEG(5)-BP, and ^99m^Tc-DPA-ale, bind irreversibly to the iron oxide surface of USPIOs leading to ultrastable nanoparticles and supports previous findings from our group and others on the high stability of the BP-iron oxide bond.^[@ref13],[@ref14],[@ref35]−[@ref42]^

Relaxivity Measurements and *in Vitro* MRI Studies {#sec2.6}
--------------------------------------------------

MRI relaxivity measurements of PEG(5)-BP-USPIOs were performed to evaluate its potential as a MR contrast agent at a clinically relevant high magnetic field (3 Tesla, 3 T). As a comparison, the same measurements were carried out with Feraspin XS, a commercially available carboxydextran-coated USPIO for preclinical studies with a similar *D*~H~ (18 nm).^[@ref44]^ The longitudinal and transverse relaxation rates (*R*~1,2~, s^--1^) were calculated for both samples at different iron concentrations. The data points obtained were fitted to a straight line and the slopes (relaxivity *r*~1,2~, mM^--1^ s^--1^) calculated. The values obtained as well as those reported in the literature for other USPIOs at 3T are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. USPIOs can be used to obtain contrast in both T1- and T2-weighted MR imaging. For effective T1 contrast with superparamagnetic iron oxide materials, high *r*~1~ relaxivities and low *r*~2~/*r*~1~ ratios are desirable. On the other hand, high *r*~2~ relaxivities and *r*~2~/*r*~1~ ratios are preferred for T2 contrast. A perusal of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows that PEG(5)-BP-USPIOs have optimal properties for efficient T~1~ contrast, with a high *r*~1~ and low *r*~2~/*r*~1~ ratio of 9.5 mM^--1^ s^--1^ and 2.97, respectively. Notably, the relaxivity properties for T1-weighted imaging are 2-fold better than those of commercially available Feraspin XS (measured under the exact same conditions), and compare very favorably with other USPIOs approved for clinical use measured at the same magnetic field and under similar conditions ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). MR imaging of the same samples used for the relaxivity measurements confirms the strong T1 effect and low T2 effect of PEG(5)-BP-USPIOs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

We were impressed by the high *r*~1~/low *r*~2~ relaxivities obtained at 3 T. It is well established that the *r*~1~ of USPIOs is particularly sensitive to the strengths of the magnets of current MRI scanners. Thus, *r*~1~ tends to decrease dramatically from 1.5 T scanners to 3 T scanners. On the contrary, *r*~2~ relaxivities remain mostly constant. This behavior can be explained theoretically using the standard relaxation theories for small particles but have also been observed experimentally in many studies with USPIOs.^[@ref45]^ For example, a decrease of approximately 50% in *r*~1~ (mM^--1^ s^--1^) has been observed with Sinerem (1.5 T *vs* 3 T) (15.5 *vs* 6.6), VSOP-C184 (14.0 *vs* 8.0) and Ferumoxytol (15.0 *vs* 7.5).^[@ref8],[@ref46]−[@ref48]^ On the other hand *r*~2~ values tend to remain constant (65.0 *vs* 66.0; 33.4 *vs* 34.0; 89 *vs* 92, respectively). Thus, as 3 T MRI scanners are increasingly becoming available in clinics as a result of their improved image resolutions; there is an interest of developing USPIOs that retain high T1 effects at these field strengths. We believe the strong T1 effect of PEG(5)-BP-USPIOs at 3 T is the result of (1) small diameter NP cores of superparamagnetic iron oxide that are known to yield USPIOs with low *M*~s~ values and strong T1 effects;^[@ref19],[@ref20],[@ref49],[@ref50]^(2) a coating composed of two hydrophilic components, PEG and BP, that facilitate diffusion of water molecules to reach the iron oxide surface and allow the relaxation of their protons; and (3) a stable and compact PEG coating, provided by the strong BP-iron oxide bond, that prevents aggregation that would increase *r*~2~ and hence the *r*~2~/*r*~1~ ratio.

![*In vitro* MRI studies of PEG(5)-BP-USPIO: (A) Plot of the relaxation rates (R1= 1/T1) as a function of Fe concentration showing the *r*~1~ relaxivities of PEG(5)-BP-USPIO (black circles, 9.5 mM^--1^ s^--1^) and Feraspin XS (gray triangles, 5.4 mM^--1^ s^--1^); (B) Phantom MRI images (grayscale, left; color scale, right) of PEG(5)-BP-USPIO showing the concentration-dependent effect in T1- (top) and T2- (bottom) weighted sequences. The arrow indicates the most concentrated vial (5.3 mM Fe) and the concentration decreases anticlockwise, with the last vial containing water only.](nn-2012-046055_0004){#fig4}

###### USPIOs and Corresponding Nanoparticle Size by TEM, DLS, Nature of the Coating and Relaxation Properties at 3 T. The Entries Have Been Ordered by Increasing *r*~2~/*r*~1~ Ratio

  USPIO                       *D*~TEM~ (nm)   *D*~H~ (nm)   coating                *r*~1~ (mM^-1^ s^-1^)   *r*~2~ (mM^-1^ s^-1^)   *r*~2~/*r*~1~   medium   *T* (°C)   ref
  --------------------------- --------------- ------------- ---------------------- ----------------------- ----------------------- --------------- -------- ---------- ----------------------------
  PEG(5)-BP-USPIOs            5.5             23            PEG-BP                 9.5                     28.2                    2.97            H~2~O    RT         this work
  ESION                       2.2                           PEG-PO                 4.8                     17.5                    3.65            H~2~O               ref ([@ref19])
  VSOP-C184                   8.6             19            citrate                8.0                     34.0                    4.25            H~2~O    37         ref ([@ref8])
  ESION                       3               15            PEG-PO                 4.8                     29.2                    6.08            H~2~O               ref ([@ref19])
  Feraspin XS                                 18            carboxydextran         5.4                     36.3                    6.72            H~2~O    RT         this work
  Ferucarbotran (Supravist)   3--5            21            carboxydextran         7.3                     57.0                    7.81            H~2~O    37         ref ([@ref51]), ([@ref52])
  Ferumoxytol (C7228)         6.7             35            carboxymethyldextran   7.5                     92.0                    12.27           H~2~O    37         ref ([@ref8])
  Ferrumoxtran-10 (Sinerem)   4.5             34            dextran + citrate      5.0                     66.0                    13.20           H~2~O    37         ref ([@ref46]), ([@ref48])
  ESION                       12              \-            PEG-PO                 2.4                     58.8                    24.50           H~2~O    \-         ref ([@ref19])

*In Vivo* MRI Imaging {#sec2.7}
---------------------

The ability of PEG(5)-BP-USPIOs as contrast agent in T1-weighted MRI *in vivo* was assessed using a 3T clinical scanner. The results confirmed the strong T1 effect seen in the *in vitro* studies. Tail vein injection of PEG(5)-BP-USPIOs into a BalbC mouse resulted in a substantial increase in signal from blood that makes vessels, the heart compartments, and other highly vascularized organs such as the spleen visible ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B). Interestingly, the signal intensity in blood remained constant throughout the length of the experiment (40 min), whereas a significant decay of approximately 50% was seen at the end of the experiment when Feraspin XS was used ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). Extended blood half-life is an important factor for blood pool MRI agents as it allows the acquisition of high-resolution images and could facilitate diagnosis of a series of conditions such as tumor angiogenesis, aneurysms, and internal bleeding.^[@ref53],[@ref54]^ In addition, low RES uptake and extended circulation times are required when using targeted USPIOs that bind specific receptors.

Another important factor is the dose of contrast agent required to obtain signal enhancement. Remarkably, PEG(5)-BP-USPIOs require a very low dose compared to other USPIOs. The standard dose of USPIOs for MR angiography in human and preclinical studies is 40--70 μmol Fe/kg.^[@ref19],[@ref55]−[@ref57]^ However, a recent clinical study reported adverse clinical events after administration of USPIOs at 60 μmol Fe/kg.^[@ref57]^ The high *r*~1~ relaxivity and low *r*~2~/*r*~1~ ratio of PEG(5)-BP-USPIOs, however, allow us to obtain high signal enhancement with significantly lower doses. In our study, the dose of PEG(5)-BP-USPIOs required to obtain a similar signal enhancement to Feraspin XS was 4 times lower (10 μmol Fe/kg *vs* 40 μmol Fe/kg) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). We believe this is a result of the combination of optimal relaxation properties and long blood circulation time. T1-mapping studies of the aorta support this hypothesis. Thus, the normal relaxation rate (*R*~1~) of blood is 0.74 ± 0.05 s^--1^. Forty minutes after injection of PEG(5)-BP-USPIOs, the rate had increased more than 6-fold to 4.78 ± 1.90 s^--1^, whereas for Feraspin XS this value was 2.39 ± 0.33 s^--1^.

Although most PEG(5)-BP-USPIO remained in the bloodstream for the length of the MRI study, we examined its excretion route using a T2\*-weighted gradient echo sequence. This sequence was chosen because it is very sensitive to the accumulation and changes in relaxivity of SPIOs in tissues.^[@ref58]^ Thus, T2\*-weighted imaging and a mapping sequence were acquired before and 50 min after injection of PEG(5)-BP-USPIOs. The images reveal signs of liver accumulation and hence hepatic excretion as expected for a NP of this *D*~H~ (Figure S7, [Supporting Information](#notes-1){ref-type="notes"}). Accumulation starts within the first hour after injection, although the high signal from the blood throughout the experiment suggests that liver uptake must be minimal. Interestingly, SPECT imaging studies with the radiolabeled version of PEG(5)-BP-USPIOs corroborate these results and reveal that liver uptake seems to be related to the slow loss of the coating *in vivo* (*vide infra*).

![*In vivo* MRI studies with PEG(5)-BP-USPIO: (A, B) T1-weighted images showing the increase in signal from blood in the vessels (A) and the heart (B) at different time points (*t* = 0 min, pre-injection). Labels: H = heart, S = spleen, K = kidney, A = aorta, M = myocardium, LV = left ventricle. (C) Kinetic profile of the MRI signal intensity in blood obtained from PEG(5)-BP-USPIO (black circles, 10 μmol Fe/kg dose) and Feraspin XS (gray triangles, 40 μmol Fe/kg dose).](nn-2012-046055_0005){#fig5}

![*In vivo* SPECT-CT studies with PEG(5)-BP-USPIO: (A, B) Maximum intensity projection SPECT-CT images after *iv* injection of radiolabeled (^99m^Tc) PEG(5)-BP-USPIO at the first (A, 40 min) and last (B, 200 min) time points. (Labels: H = heart, J = jugular vein, AA = aortic arch, A = aorta, VC = vena cava, L = liver, K = kidney, S = spleen, B = bladder). (C) Pharmacokinetic profile as obtained by quantification of the signal from several tissues showing the changes in the percentage of the injected dose (% ID) as a function of time. Data represent the mean ± SD (*n* = 2 mice).](nn-2012-046055_0006){#fig6}

*In Vivo* SPECT Imaging {#sec2.8}
-----------------------

Radiolabeled PEG(5)-BP-USPIO was used to study its biodistribution *in vivo* with the high sensitivity of SPECT imaging and to study the fate of the BP coating. After intravenous injection into Balb/C mice, the animals were imaged at three time points over 3.3 h using a preclinical SPECT/CT scanner ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B). The images and pharmacokinetic profile confirm the behavior seen in the MR imaging study and demonstrate that the majority of PEG(5)-BP-USPIOs circulate in the bloodstream for at least the length of the study as evidenced by the high signal in the heart as well as major blood vessels and vascular organs. A pharmacokinetic profile ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C) shows that the signal of vascular organs reaches maximum concentration before the first 45 min followed by an elimination phase after 80 min. On the other hand there is a continuous signal increase in nonvascular organs such as the bladder and bones (knee), which is due to free ^99m^Tc-DPA-ale, as a result of the decomposition of PEG(5)-BP-USPIOs (*vide infra*). Interestingly the images at the first time point reveal a high signal from the bladder that may be the result of small population of USPIOs that were small enough to be excreted with the urine.^[@ref32]^ Another possibility is that a large fraction of ^99m^Tc-DPA-ale (∼7%ID) detaches soon after injection. There are some indications, however, that this option is less likely. For example, if 7%ID suddenly detached from the iron oxide nanoparticles once in the bloodstream, we would expect to see a much higher bone uptake in the first time point, as we find when we inject ^99m^Tc-DPA-ale alone.^[@ref34]^ Also, a sudden breaking of the BP-iron oxide bond after injection is not in agreement with the slow rate of BP release found throughout the rest of the study and the *in vitro* stability studies. Another possibility is that there is a large proportion of nonspecifically bound radiolabeled BP in the injected solution but this is unlikely after the extensive purification and characterization experiments. In addition, urine analyses with PEG(5)-BP-USPIOs at the end of the imaging study support the presence of radiolabeled nanoparticles ([Supporting Information](#notes-1){ref-type="notes"}).

The slope of the elimination phase in the heart allows us to calculate a blood half-life (*t*~1/2~) of 178 min (2.97 h), assuming first-order single compartment pharmacokinetics. Interestingly there is no sign of accumulation in the liver. On the other hand, injection of radiolabeled Feraspin XS reveals that the activity accumulates solely in the liver and bladder 50 min after injection (Figure S8, [Supporting Information](#notes-1){ref-type="notes"}).^[@ref59]^ This is expected for Feraspin XS and other dextran-coated USPIOs, as this polysaccharide is avidly taken by macrophages, providing a useful method to target these NPs to macrophage-rich tissues.^[@ref60],[@ref61]^ This result is also consistent with the MRI experiments using Feraspin XS in which there was a 50% reduction of signal from the blood in the first 30 min (*vide supra*). Other clinically approved dextran-coated USPIOs also display short blood half-lives in mice (*e.g.*, Sinerem, 18 min).^[@ref8]^

The SPECT images did not show significant liver uptake. On the other hand, the T2\*-weighted MRI studies reveal signs of liver accumulation ([Supporting Information](#notes-1){ref-type="notes"}, Figure S7). We believe this is the result of a slow loss of the BP-based coating. We base this proposal on the fact that during the 3.3 h-long SPECT study the images show a slow increase in bone uptake which is the result of the release of ^99m^Tc-DPA-ale into the bloodstream ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B).^[@ref34]^ Thus, as both PEG(5)-BP and ^99m^Tc-DPA-ale share a BP anchoring group, it is reasonable to assume that PEG(5)-BP is also being released. This would result in USPIO aggregation and facilitate RES uptake of the "naked" NPs which are only detectable by T2\*-weighted MRI, and not SPECT scanning. Interestingly, the *in vitro* stability studies in human serum revealed almost no degradation after 48 h at 37 °C (*vide supra*). This implies that the slow release of the BP components *in vivo* may be a consequence of the action of soft tissues. The SPECT images also reveal that there is a significant uptake in the kidneys. Thus, it is possible that the BPs detach from the USPIOs by the action of the kidneys. This is supported by the fact that kidney uptake is clearly seen in the SPECT images (Figure S9, [Supporting Information](#notes-1){ref-type="notes"} and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), whereas no kidney retention is observed after injection of ^99m^Tc-DPA-ale alone.^[@ref34]^ In addition, the amount of radioactivity in the urine increased during the imaging experiment. Further experiments are needed to clarify the role of the kidneys and other tissues in the excretion and metabolism of PEG(5)-BP-USPIO. However, a preliminary analysis of the urine by size-exclusion chromatography at the end of the study (3.3 h) was performed. Figure S10 ([Supporting Information](#notes-1){ref-type="notes"}) shows that most of the activity elutes as a broad peak in the small-molecule area. TLC and hydroxyapatite-binding studies confirmed this band corresponds to ^99m^Tc-DPA-ale. Thus, if renal metabolism is occurring it seems that, once the BPs are released, a fraction of the radioactivity is excreted in the urine while another is recycled back into the bloodstream, where it binds to bone. Renal excretion and recirculation of BPs has been observed for other BPs.^[@ref62]^ Interestingly, there is also a small but detectable peak that elutes at the same elution volume as radiolabeled PEG(5)-BP-USPIOs, suggesting a small fraction of particles of very small size are excreted intact.

Conclusions {#sec3}
===========

We have described the synthesis of a PEG polymer containing a bisphosphonate anchor (PEG(5)-BP) for strong binding to the surface of iron oxide materials such as USPIO NPs. PEG(5)-BP is capable of generating hydrophilic SPIOs using a simple and fast method. Using this method, we have synthesized a colloidally stable PEGylated USPIO (PEG(5)-BP-USPIO) that can be stored as a dispersion in water or saline for at least 7 months without changes in *D*~H~. PEG(5)-BP-USPIOs can be used as an effective contrast agent for T1-weighted imaging, which is the preferred method of obtaining contrast in MRI. We attribute this effect to its high *r*~1~ and low *r*~2~ relaxivities, a result of the optimal size of the superparamagnetic iron oxide core and stable hydrophilic coating (PEG(5)-BP) that prevents aggregation. To the best of our knowledge, these are the highest *r*~1~ and lowest *r*~2~/*r*~1~ (2.97) reported to date at these conditions (B~o~= 3 T). *In vivo* studies demonstrate the high potential of PEG(5)-BP-USPIOs as a contrast agent for MRI angiography. After intravenous injection in mice the blood relaxation rate and hence its signal increased 6-fold for the duration of the experiment, allowing the visualization of blood vessels and vascular organs with high spatial definition. In addition, its improved relaxivities allow the use of a lower dose (4-fold) of contrast agent compared to other USPIOs to obtain a similar signal enhancement. The MRI study revealed minor accumulation of USPIOs in the liver. PEG(5)-BP-USPIOs can also be labeled using a radiolabeled BP, ^99m^Tc-DPA-ale, that allows tracking of the NPs using SPECT imaging with high sensitivity and quantification capabilities. The *in vivo* imaging study confirmed the MRI results, showing long blood circulation times (*t*~1/2~ = 2.97 h). The SPECT study also provided important information about the fate of PEG(5)-BP-USPIOs and its components. ^99m^Tc-DPA-ale is being released into the urine and the bloodstream (but only slowly) and leads us to hypothesize that the same may be occurring to PEG(5)-BP. Interestingly, uptake in the kidneys suggest this organ is playing a role in the decomposition of PEG(5)-BP-USPIOs. Further studies, however, are warranted to understand its excretion properties.

This work demonstrates that the surface functionalization with PEG-BPs is an effective method for developing highly stable USPIOs with low RES uptake and long blood circulation times, which are the major limitations in the development of targeted USPIOs for biomedical imaging. This method could be extended to other inorganic nanomaterials of interest in biomedical imaging and engineering to which we have recently shown BPs bind very strongly.^[@ref14]^ Furthermore, we believe PEG(5)-BP-USPIOs represent a promising platform for the development of agents for multimodal medical imaging. These compounds could find applications with the new generation of multimodal clinical scanners (*i.e.,* PET-MR) in which the nuclear imaging capabilities of these agents could be synergistically combined with MRI to improve the information obtained. We expect that targeted probes based on PEG(5)-BP-USPIOs could provide better detectability and quantification capabilities of vascular targets involved in cardiovascular and oncologic diseases.

Experimental Section {#sec4}
====================

Materials and Methods {#sec4.1}
---------------------

Reagents were obtained from commercial sources and used as received unless otherwise noted. MeO-PEG-COOH (Mp = 5118 Da, *D* = 1.02) was purchased from Iris Biotech GmbH (Germany). Organic solvents were of HPLC grade. Dipicolylamine-alendronate (DPA-ale) and ^99m^Tc-DPA-ale were synthesized as previously reported.^[@ref34]^ NMR spectra were obtained using a Bruker Avance 400 at 20 °C in CDCl~3~ (Cambridge Isotope Laboratories). ^1^H resonances were referenced to the residual protic impurity of the solvent (δH 7.26 ppm). ^31^P resonances were referenced to an external solution of 85% H~3~PO~4~ (δ~P~ 0 ppm). Water (type I, 18.2 MΩ·cm) was obtained from an ELGA Purelab Option-Q system. Human serum from human male AB plasma was obtained from Sigma-Aldrich. Na\[^99m^TcO~4~\] in physiological saline was obtained from a ^99^Mo/^99m^Tc generator at the Radiopharmacy at Guy's and St Thomas' Hospital NHS Trust, London, UK. For TLC studies, silica gel 60 F~254~ glass plates (2.5 cm × 7 cm, Merck KGaA, Germany) were used. TLC plates were scanned with a Mini-Scan TLC scanner equipped with a FC3600 detector of γ photons (Lablogic, UK). Radioactivity in samples was measured with a CRC-25R dose calibrator (Capintec, USA) or a 1282 CompuGamma gamma counter (LKB Wallac, Finland). \[^99m^Tc(CO)~3~(H~2~O)~3~\]^+^ was synthesized using Isolink kits (Mallinckrodt Medical B.V., St. Louis, MO, USA). Size-exclusion filters (Vivaspin) and columns (PD10) were obtained from GE Healthcare, UK. IR studies were performed with a Spectrum 100 spectrometer (Perkin-Elmer, USA) equipped with a universal ATR sampling accessory. The concentrations of iron in the dispersions of SPIO nanoparticles were calculated by ICP--MS (Mass Spectrometry Service, King's College London) after digestion in nitric acid (TraceSelect Ultra, Sigma Aldrich) for 16 h. Millex IC 0.22 μm hydrophilic 13 mm PTFE filters (Millipore, USA) were used throughout this study. Samples for transmission electron microscopy (TEM) were prepared by evaporation of a drop of the aqueous colloidal suspensions onto a carbon-coated copper grid (200 mesh, Agar Scientific, UK). TEM and energy-dispersive X-ray spectrometry (EDX) were obtained from a Tecnai T20 instrument (FEI, USA) with a LaB6 filament operating at 200 kV and equipped with a Genesis system EDAX spectrometer (EDAX, USA), or a Tecnai F20 200 kV FEGTEM fitted with an Orius SC600 CCD camera (Gatan, USA) and an 80 mm^2^ X-Max SDD EDX detector (Oxford Instruments, UK). X-ray photoelectron spectra (XPS) were recorded using a Kratos AXIS ULTRA with monochromated Al *Kα* radiation (10 kV anode potential, 15 A emission current) in fixed analyzer transmission mode (80 eV pass energy). Dynamic light scattering (DLS) and zeta-potential were performed with a Zetasizer Nano ZS instrument (Malvern Instruments, UK) at 25 °C. Thermogravimetric analysis (TGA) was performed under N~2~ flow (60 mL/min) with a heating rate of 10 °C/min using a TA SDT-600 thermogravimetric analyzer. X-ray powder diffraction (XRD) was recorded on a Bruker D8 Advance powder diffractometer with a Cu Kα X-ray source (λ = 1.54058 Å) operating at 40 kV and 40 mA and a Sol-X detector. Magnetization data was obtained with a MPMS SQUID-VSM instrument by Quantum Design (San Diego, USA) at 300 K.

Synthesis of Oleylamine-Coated USPIO {#sec4.2}
------------------------------------

Oleylamine-coated USPIOs were synthesized using a slight variation of the method of Hou, Gao and Sun.^[@ref17]^ Fe(acac)~3~ (1.042 g) was added to a mixture 15 mL of benzyl ether and 15 mL of oleylamine. The solution was then dehydrated at 170 °C for 1 h under a N~2~ flow followed by a temperature increase to 260 °C over a period of 15 min, after which the heating appliance was removed. The solution was left to cool to room temperature and the iron oxide NPs precipitated upon the addition of 24 mL of ethanol, followed by centrifugation at 7000 rpm for 4 min. The supernatant was discarded and the process repeated with another 20 mL of ethanol, then a further 48 mL. The purified nanoparticles were left to dry overnight and characterized by TEM (*D*~TEM~ = 5.5 ± 0.6 nm, based on statistical analysis of 200 particles) and DLS (*D*~H~ = 7 ± 3 nm, measured in dichloromethane).

Synthesis of PEG(5)-BP {#sec4.3}
----------------------

MeO-PEG-COOH (400 mg, 7.8 × 10^--5^ mol) (Mp = 5118 Da, *D* = 1.02) was dissolved in anhydrous dichloromethane (DCM) (2 mL) and cooled to 0 °C under N~2~. Dicyclohexylcarbodiimide (DCC) (1.5 eq, 24 mg) was then added, and the mixture was stirred at this temperature for 5 min before tetraethyl aminomethyl-bisphosphonate^[@ref15],[@ref16]^ (1 eq, 24 mg) was added. The reaction solution was left stirring under N~2~ at room temperature for 16 h resulting in the appearance of a large amount of a white precipitate. The solution was filtered through Celite, evaporated to ^2^/~3~ of the initial volume and left at 4 °C for 4 h to induce precipitation of any residual precipitate. After another filtration through Celite, the mixture was evaporated to dryness, dissolved in 2 mL of anhydrous DCM and cooled to 0 °C under N~2~. Trimethylsilyl bromide (TMBS) (15 eq, 145 μL) was added dropwise and the reaction solution was left stirring at room temperature for 48 h. At this stage, DCM and TMBS were evaporated and the residue was dissolved in 3 mL of MeOH and left stirring for 1.5 h. The solvent was evaporated and the residue dissolved in 5 mL of H~2~O, followed by dialysis overnight using a membrane with a molecular weight cutoff of 3500 Da. The product was then lyophilized to give ∼400 mg of product as a white powder. ^1^H NMR (400 MHz, CDCl~3~, 298 K) δ~H~ (ppm): 3.64 (s, −(CH~2~--CH~2~--O)−); ^31^P{^1^H} NMR (161.9 MHz, CDCl~3~, 298 K) δ~P~ (ppm): 13.45. IR ν(cm^--1^) 2882, 1653, 1541, 1466, 1359, 1341, 1279, 1241, 1146, 1096, 1060, 960, 946, 841. The presence of P was further confirmed by spotting a TLC plate with a sample of the product and staining using Dittmer--Lester dye, resulting in the appearance of a blue color.

Synthesis of PEG(5)-BP-USPIO {#sec4.4}
----------------------------

Oleylamine-coated USPIOs (2 mg) and PEG(5)-BP (20 mg) were added to 2 mL of DCM in an open glass vial, and the mixture was sonicated until the solvent evaporated (∼15 min). To the remaining residue was added 4 mL of water resulting in a clear brown solution. This mixture was washed with 4 mL of hexanes to remove oleylamine. This process was repeated two more times followed by removal of hexanes by evaporation. The final mixture was filtered through a 0.2 μm hydrophilic PTFE filter, followed by several cycles of washing/concentrating using a Vivaspin 2 centrifugal filter (30 kDa molecular weight cutoff) using water to remove excess PEG(5)-BP. The final amber solution was removed from the filter and stored at 4 °C in a glass vial. TEM (*D*~TEM~ = 5.5 ± 0.7 nm, based on statistical analysis of 200 particles); DLS (*D*~H~ = 24 ± 3 nm, measured in water or saline); IR ν(cm^--1^) 2882, 1653, 1537, 1466, 1359, 1342, 1279, 1241, 1145, 1105, 1060, 963, 842; EDX (keV) 2.145 (P), 6.404 (Fe), 7.058 (Fe); XRD (2θ, deg) 30.08, 35.43, 37.06, 56.96, 62.35; XPS (eV) 129.7 (P2p~3/2~), 282.2, 283.5, 286.2 (C1s), 529.7 (O1s), 708 (Fe2p~3/2~).

Radiolabeling of PEG(5)-BP-USPIOs {#sec4.5}
---------------------------------

To a dispersion of PEG(5)-BP-USPIOs (26 mM Fe) in saline was added 100--1000 MBq of ^99m^Tc-DPA-ale. The mixture was mixed and incubated at different temperatures and pH values in a sealed vial. For best radiolabeling results (47% radiochemical yield), the reaction was heated from 25 to 90 °C during 10 min at pH 7. The reaction solution was cooled to room temperature, and the contents were separated using a PD-10 column using saline as eluent. Radiolabeled PEG(5)-BP-USPIOs elute at a peak centered at 1.5 mL, whereas nonbound ^99m^Tc-DPA-ale elutes as a broader band at 4 mL. Radiolabeled PEG(5)-BP-USPIOs can be further purified and concentrated to the desired volume using a centrifugal size-exclusion filter with a molecular weight cutoff of 10 kDa (note that around 9% nonspecific binding to the filters was found).

*In Vitro* Stability Studies in Human Serum {#sec4.6}
-------------------------------------------

To assess the *in vitro* stability of radiolabeled PEG(5)-BP-USPIOs in human serum, a 20 μL aliquot containing approximately 100 kBq of ^99m^Tc in saline was incubated in human serum (500 μL) at 37 °C and constant shaking for 48 h. At the end of the experiment, the samples were filtered using the size-exclusion filters (MWCO = 10 kDa) and the radioactivity of the filtrate and retentate measured in a gamma-counter. Thus, if ^99m^Tc-DPA-ale dissociates from the USPIOs, it will elute with the filtrate. It was found that after 48 h of incubation time at 37 °C, 6% of the radioactivity eluted with the filtrate and 94% remained bound to the USPIOs. The radioactivity in the filtrate was identified as ^99m^Tc-DPA-ale by TLC and hydroxyapatite-binding studies.^[@ref13],[@ref34]^

*In Vivo* Studies {#sec4.7}
-----------------

*In vivo* studies were carried out in accordance with British Home Office regulations governing animal experimentation. Male Balb/c mice (8--10 weeks old) were used. Before the imaging procedure and contrast agent administration, mice were anesthetized with isoflurane and kept under its influence for the duration of the experiment (maximum 4 h) and culled by cervical dislocation at the end of the imaging session. The contrast agents used were injected intravenously through the tail vein using 0.5 mL insulin syringes. The doses used in these studies were 10 μmol Fe/kg (20 MBq of ^99m^Tc) in 100 μL (PEG(5)-BP-USPIOs) or 40 μmol Fe/kg (3 MBq of ^99m^Tc) in 100 μL saline (Feraspin XS).

MR Imaging {#sec4.8}
----------

*In vivo* MR imaging and relaxivity calculations were performed using a 3T Philips Achieva MR scanner (Philips Healthcare, Best, The Netherlands) equipped with a clinical gradient system (30 mT m^--1^, 200 mT/m/ms) and a single--loop surface coil (diameter = 47 mm). Anesthesia was induced with 5% and maintained with 1--2% isoflurane during the MRI experiments. Mice were imaged in prone position. Dynamic contrast enhanced (DCE) magnetic resonance angiography (MRA), and T1 and T2\* mapping protocols were acquired before and after injection of the nanoparticles. Following a 3D GRE scout scan, coronal 3D fast-field echo DCE-MRA images were acquired with TR = 10 ms, TE = 4.2 ms, flip angle = 40*°*, FOV = 40 × 36 × 12 mm^3^, acquired matrix = 160 × 144, slice thickness = 0.5 mm, resolution = 0.25 mm × 0.25 mm, reconstructed resolution = 0.1 mm × 0.1 mm, slice number = 25, averages = 1, temporal resolution = 20 s, number of dynamic scans = 20, duration = 6.7 min.

T1 mapping was performed using a sequence that employs two nonselective inversion pulses with inversion times ranging from 20 to 2000 ms, followed by eight segmented readouts for eight individual images. The two imaging trains result in a set of 16 images per slice with increasing inversion times. For T1 mapping the acquisition parameters were: TR = 5.8 ms, TE = 2.7 ms, flip angle = 10°. FOV = 31 × 31 × 13 mm^3^, acquired matrix = 80 × 77, measured slice thickness = 0.5 mm, acquired resolution = 0.4 mm × 0.4 mm, reconstructed resolution= 0.12 mm × 0.12 mm, slices = 26, averages = 1.

T2\* mapping was performed using a 3D fast-field echo sequence. Coronal images were acquired with TR = 248 ms, TE = 4.6 ms, echo spacing = 6.9 ms, six echoes, flip angle = 25°, FOV = 31 × 31 × 13 mm^3^, acquired matrix = 77 × 77, acquired resolution = 0.41 mm × 0.41 mm, reconstructed resolution = 0.11 mm × 0.11 mm, slice thickness = 0.5 mm, slices = 26, averages = 1. Similar acquisition protocols were used to scan vials containing different concentrations of the nanoparticles to calculate the *r*~1~ and *r*~2~ relaxivities.

MR Image Analysis {#sec4.9}
-----------------

MR images were analyzed using the software Osirix (OsiriX Foundation, Geneva, Switzerland). The DCE-MRA images were used to monitor the changes in the signal intensity of blood before and after injection of the nanoparticles. A region of interest (ROI) was manually drawn in the inferior vena cava and propagated over the different time points. T1 mapping images were used to calculate the relaxation rate (*R*~1~) of the liver and blood on a pixel-by-pixel basis using in house software (Matlab, Natick, MA).^[@ref63]^ Similarly, the T2\* mapping images were used to calculate the relaxation rate (*R*~2~\*) of the corresponding tissues.

SPECT-CT Imaging {#sec4.10}
----------------

SPECT-CT images were obtained with a NanoSPECT/CT PLUS preclinical animal scanner (Mediso, Hungary) equipped with four heads, each with nine 1 mm pinhole collimators, in helical scanning mode in 20 projections over 20 min. The CT images were obtained with a 45 kV X-ray source, 1000 ms exposure time in 180 projections over 10 min. Images were reconstructed in a 256 × 256 matrix using the HiSPECT (Scivis GmbH) reconstruction software package, and fused using InVivoScope (IVS) software (Bioscan, France). Quantification was performed by selecting the desired organs as regions of interest (ROI) using the quantification tool of the IVS software.

Synthesis of PEGylated USPIOs obtained using a coprecipitation method; attempted synthesis of PEG-COOH-USPIO; IR characterization of PEG-BP; calculations of PEG density, including TGA; XPS spectra; DLS studies; magnetic properties of PEG(5)-BP-USPIOs; T2\* mapping of PEG(5)-BP-USPIOs; SPECT-CT images of radiolabeled Feraspin XS; kidney uptake SPECT-CT images of radiolabeled PEG(5)-BP-USPIOs and size-exclusion chromatography urine analysis. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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